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INTRODUCTION
Land subsidence is a long-term occurrence in the Sacramento-San Joaquin River Delta area.
It affects the longevity and adequacy of the levee system and other flood-protection measures.
Subsidence is becoming an issue in the delta as more private-sector developments, such as Bethel Island and Discovery Bay (figs. I and 2) , are built and public programs to rehabilitate levees and recover delta islands are proposed.
The causes of subsidence are uncertain, but may be a combination of surface (peat) decomposition, deflation, subsurface compaction caused by shallow (<500 ft) ground-water withdrawal, and compaction caused by deep (>500 ft) natural-gas extraction.
Studies by Moffatt and Nichol, Engineers (1987) for the San Francisco Bay Conservation and Development Commission of sea-level rise and its implications indicated rates of local land subsidence of about 0.009 ft/yr near Antioch. Moffatt and Nichol also stated that in order to predict future relative sea level around San Francisco Bay adequately, precise vertical-land-motion data are essential.
This study, done in cooperation with the Federal Emergency Management Agency, Region IX, documents the elevation of 16 National Geodetic Survey (NGS) bench marks and 33 supplemental bench marks in the vicinity of Bethel Island and Discovery Bay ( fig. 2 ). These bench marks are referenced to a single bench mark located on bedrock near Marsh Creek Reservoir, as well as to a network of bench marks included in the 1985 and 1986 Global Positioning System (GPS) surveys that encompassed all the delta and the lower part of the Sacramento Valley.
Bench marks U481 and R478 ( fig. 2 ) are included in the GPS survey network.
SURVEYING PROCEDURE
Vertical-control surveys to various bench marks in the survey area were of first, second, and third order standards of accuracy as defined by the National Geodetic Survey (National Oceanic and Atmospheric Administration, Federal Geodetic Control Committee, 1980) . Segments A and B ( fig. 2 ) are first order; segments C, D, E, and F are second order; and segments G and H are third order. Equipment used in the surveys included the Zeiss Nil and Ni2 automatic compensating levels, maintained in adjustment, and invar rods or rods of the precise series.
Foresight and backsight distances were carefully balanced to reduce collimation error.
A total of 58 miles, which included segments A-H ( fig. 2 ), were surveyed. All level lines were looped.
Segments D and F were each more than 14 miles long.
The various segments were then adjusted for differences in closure. 
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FIGURE2.-Survey area In detail.
The segments were surveyed during October and November 1987, except segment G, which was surveyed in October 1986. Field conditions, such as temperature and wind, were ideal during this period and tended to reduce the magnitude of error caused by refraction and by expansion and contraction of survey rods. The survey included eight water crossings ranging from 215 to 758 ft in width.
The accuracy of the U.S. Geological Survey 1987 leveling surveys is based on closure differences for the various level lines. Closure differences ranged from 0.000 to 0.042 ft and had an absolute average of 0.018 ft. A summary of the leveling closures for the segments ( fig. 2 ) is given in table 1.
DESCRIPTION OF BENCH MARKS
Bench marks used in these surveys were established previously by the National Geodetic Survey, U.S. Geological Survey, California Department of Water Resources, Contra Costa County, and East Bay Municipal Utility District. Descriptions and elevations of most of these bench marks are given in verticalcontrol-data summaries prepared by the National Geodetic Survey or Contra Costa County.
The designation and approximate location of the bench marks leveled 
BENCH-MARK ELEVATIONS
Elevations of the various bench marks leveled to during the surveys are given in table 3.
The approximate location of these bench marks is shown in figure 2 . Elevations in table 3 are based on surveys by the National Geodetic Survey, Contra Costa County, and U.S. Geological Survey.
All elevations for the U.S. Geological Survey 1987 leveling surveys are based on the elevation of bench mark T934, which is located east of Marsh Creek Reservoir ( fig. 2) . (Pampeyan, 1964; Brabb and others, 1971) , which is located on stable terrain along the east flank of the Coast Ranges. Analysis of the surficial deposits and hill slopes in the vicinity of the bench mark shows the sandstone outcrop to be stable ground, and not subjected to active fault displacement or recent mass movement (Nilsen, 1972; Nilsen and Turner, 1975; Hart and others, 1981) .
Studies of Cenozoic uplift in the Sierra Nevada (Huber, 1981) and folding of the southern Coast Ranges (Page, 1981) indicate that average uplift rates for the two regions are in the order of 0.0008 ft/yr. This rate is much less than the rate of 0.005 ft/yr suggested for bench mark T934 on the basis of level adjustments made between 1959 and 1975 (table 4) . As such, the adjustment of bench mark T934 probably is due to variations in balancing level networks for this area rather than tectonic movement of the bench mark.
It was assumed that a bench mark located on bedrock, such as T934, would be the most stable and, therefore, the best point of reference to use when documenting land subsidence. The 1959 adjustment elevation of bench mark T934 was used as the reference in establishing other bench-mark elevations in the vicinity of Bethel Island and Discovery Bay during the 1987 surveys.
Other bench marks besides T934 that may be stable because they are situated on piling or deep foundations include bench marks 64MDC, 63MDC, R478, CCC 1375, EXT1, 69MDC (CCC 3838), and TIDAL1, 1933 (table 3) . 
HISTORY OF SELECTED BENCH-MARK ELEVATION ADJUSTMENTS
There is concern that the published adjustments to bench-mark elevations as given by National Geodetic Survey may reflect the combined effects of unstable bench marks in the network plus leveling errors that occurred during the surveys.
It is difficult, therefore, to evaluate the magnitude and rates of land subsidence in an area on the basis of changes in bench-mark elevations without determining which elevation in a series of lines and adjustments has been used for reference. A listing of published adjustments to the elevation of selected bench marks is given in table 4.
Estimates of land subsidence usually are based on a comparison of historic bench-mark elevations.
The magnitude of the alleged change in elevation of bench mark T934, 0.085 ft, suggests that some of the elevation adjustments at other sites given in table 4 are also not related to land subsidence. Much of the variance (on the order of 0.1 ft or more) , as indicated by elevation changes of bench mark USGS 639 between 1935 and 1987 (table 4) , is related to leveling adjustment procedures instead of land subsidence.
GUIDELINES FOR APPLICATION OF SURVEY DATA
The following guidelines are included to assist users of elevation data assembled in this report as well as elevation data for other bench marks in the study area:
1. Bench marks of relative stability can be identified by comparing historic bench-mark elevation adjustments (table 4) .
2. Bench marks located on structures that are supported by piling or deep footings, such as the extensometer well on Bacon Island (bench mark EXT1), probably are stable. Other bench marks in the level network with extensive footing support include 64MDC, 63MDC, R478, and TIDAL1, 1933 (at Atchison, Topeka, and Santa Fe Railway bridge).
3. The apparent inconsistency in elevation shown in table 3 for bench marks TIDAL1, 1933 and TIDAL2 is related to bench-mark construction. Bench mark TIDAL2 is located on a concrete pad situated on railroad fill that has been placed on top of peat. Levels run in 1986 and 1987 show that this bench mark is subsiding. Bench mark TIDAL1, 1933 is situated on a pier footing on the railroad bridge, which is supported by piling. This bench mark is considered relatively stable even though the elevation shows an apparent increase. This increase is related to various adjustments to different level lines in the area and would be even greater if the 1975 adjusted elevation of 221.440 ft had been used instead of 221.355 ft for bench mark T934. 4. Until additional data are available, surveys referenced to National Geodetic Survey bench marks in the study area may assume that the published adjusted elevations reflect changes caused by both land subsidence and adjustment procedures. As such, elevations to a new site based on a bench mark with adjusted elevations could be in error by as much as 0.6 ft, but will probably average about 0.1 ft.
5. Because elevations for bench marks that are published by National Geodetic Survey reflect changes caused by both land subsidence and adjustment procedures, estimates of current or potential land subsidence using these data may not be accurate.
6. U.S. Geological Survey 1987 elevations given in table 3 are suggested for use; current elevations can be determined periodically by follow-up surveys.
